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8.0 INTRODUCTION

Our earlier analysis of power electronic converter systems composed of a static
power converter, an electrical machine, and associated control strategy was done
using global simulation programs such as ATOSECS, SACSO, and SACMA [1-3].

In these computer-aided analysis simulation programs, no prior knowledge of the
sequence of operation of the converter was assumed. For the study, we had to

know the circuit topology of the converter, the type of electrical machine, and the
control logic for the turn-on instants of the controlled semiconductors. In this
chapter we discuss another method of simulation called the sequential method, In
this method, as the name suggests, the sequence of operation of the power converter
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434 Sequential Method of Simulation

is assumed to be known; further, the time instants at which the change of sequence
occurs is also assumed to be known. This implies that in one class of problems,
the output voltages or currents of the power converter are known to be independent
of the operating modes of the electrical machine. We refer to this class of systems
as decoupled systems. In other words, the analysis of the system can be reduced
to the analysis of the electrical machine fed from nonideal sources, such as pulsed
sources for dc machines and nonsinusoidal voltage or current sources for ac ma-
chines, In another class of problems, only the sequence of operation of the con-
verter is known, although the instants at which the change of sequence occurs
might have to be determined during the analysis. We refer to this class of systems
as coupled systems. We discuss both these methods of analysis in this chapter,

8.1 DECOUPLED AND COUPLED POWER
ELECTRONIC SYSTEMS

Congider the power electronic system consisting of a three~phase line-commutated
converter and a dc machine shown in Fig. 8.1. The control strategy used is such
that the six thyristors of the converter are turned on at a constant phase-angie
delay in order to obtain a rectifying mode of converter operation. A simplified
analysis of this converter in the rectifying mode is well known [4] The sequence-
of firing of the thyristors is shown in Fig. 8.1, The analysis of the dc motor fed
from the converter can easily be done if we assume that the commutation overlap
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FIGURE 8.2 Output voltage of a three phase line-commutated converter assuming
instantaneous commutation.

angles are neglected. In other words, the output voltage of the converter can be
assumed to be as shown in Fig. 8.2 if the commutation is instantaneous. It is thus
possible to decouple the converter operation from the electrical machine, The
analysis of the system is therefore simplified to one in which a nonideal dc voltage
source such as the one shown in Fig. 8.2 is used to feed the dc machine. Note
that the voltage drops due to the source resistance and inductance are taken into
account indirectly by adding an equivalent series resistor at the output side of the
converter, )

Let the commutation interval of the converter be considered for the system.
It is well known that the commutation overlap angle depends on the value of the
instantaneous current to be commutated. To analyze this operating condition, we
utilize the coupled system, where only the turn-on instants of the thyristors are
known. The sequence of operation of the different thyristors is shown in Fig. 8.3,
which indicates an operating sequence 1-2, 1-2-3, 2-3, 2-3-4, 3-4, 3-4-5, 4-5,
4-5-8, 5-8, 5-6-1, 6-1, 8-1-2, 1-2, and so on. The output voltage waveform is
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FIGURE 8.3 Sequence of operation of thyristors in a three phase converter with

commutation overlap angle u.
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FIGURE 8.4 Output voltage of a three phase line-commutated
tion overlsp angle b, ed converter-commuta-

only partially defined because the instants at which the change of sequence from
1-2-3 to 2-3, and s0 on, occurs are unknown and have to be computed during the

mlylil. The typical Gltwt waveform is shown in Fig. 8.4, This class of systems
B

EXAMPLE 8.1. Consider the chopper-fed de machine shown in Fig. 8.5. Discuss
how the analysis of the system can be done assuming a decoupled system,

Solution: The operating sequence of the chopper system is well known [5]
and can easily be established by reference to Fig. 8.5. The conduction of thyristor
Ty supplies a source voltage V4 to the armature of the dec machine. Assuming an
initial voltage of suitable polarity across the commutating capacitor Cq, turning on

€

T
- P TA

Ig

+
Vd_-_'_

T

I
-4
&<

FIGURE 8.5 Chopper-fed dc machine,_
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FIGURE 8.6 Output voltage of the de chopper with negligible commutation interval.

the auxiliary thyristor, T, results in turning off the main thyristor by the appli-
cation of an inverse voltage across the main thyristor. Assuming that.this commu-
tation period is negligible, the output waveform of the chopper circuit can be deter-
mined independent of the operating mode of the dc machine, The system can then be
analyzed as a decoupled system. That is, the output voltage waveform of the
chopper is a pulsed dc voltage, as shown in Fig. 8.6. The ratio between the con-
duction interval of the main thyristor and the period of the chopper is designated

as the duty cycle (D) of the chopper.

8.2 ANALYSIS OF DECOUPLED SYSTEMS
8.2.1 Analysis of Chopper-Fed DC Motor

Various methods are available for obtaining a variable de voltage from a constant
dc source [6]. In thyristor-type dc-to-dc converters, commutating circuits are
required which are similar to those used in many inverters. A classical chopper
scheme employing an impulse commutation technique is chosen for our atudy (7).
A fixed frequency modulation is used for the chopper circuit, because in this scheme,
harmonics of a particular frequency alone will occur and can easily be filtered.
The variable dc voltage available from the chopper is used to feed the armature of
the dc motor with separate excitation, thus controlling the speed of the motor, An
inductor has been introduced in the armature circuit to reduce the armature cur-
rent ripples. In what follows, a chopper-fed dc motor group is analyzed and the
steady-state performance characteristics of the dc motor are obtained.

Figure 8,7 shows a de-to-dc converter and the associated control logic
signals for firing of the thyristors. The operating sequences of the converter are
characterized by four intervais: precharging interval, duty interval, commutation
interval, and freewheeling interval.

PRECHARGING INTERVAL. The control logic used here is such that initially,
only the auxiliary thyristor, Ty, Is turned on periodically; the commutating capaci-
tor C¢ is allowed to get charged to a voltage equal to the dc voltage source. The
polarity of the voltage across the commutating capacitor is such that point A in

Fig. 8.7 is more positive than point B. This precharging interval is essential to
ensure proper corhmutation in the chopper cireuit. Normally, the operating cycle
of the chopper consists of a duty interval, a commutation interval, and a freewheel-

ing interval.
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FIGURE 8.7 Dc to dc converter and associated control logic,

DUTY INTERVAL. With the firing of main thyristor, T)j, the duty interval be-
gins and the dc source voltage appears across the dc motor, assuming a negligible
forward voltage drop across the main thyristor. The capacitor voltage reverses
its polarity and attains the same magnitude at the end of a half-period of the reso-
nant circuit constituted by Ls, Cq, and negligible resistance, Any further dis-
charge of the capacitor is prevented by the blocking diode, D,, connected in series
with the commutating inductor, Le. As soon as the auxiliary thyristor, T,, is
turned on, the comutation interval begins and the duty interval terminates,

COMMUTATION INTERVAL, The firing of the auxiliary thyristor marks the
beginning of the commutation interval. The load current flowing through the main
thyristor is transferred to the commutating capacitor and the auxiliary thyristor.
The capacitor voltage is applied across the anode-cathode terminals of the main
thyristor as an inverse voltage. It is necessary that this inverse voltage be applied
across the main thyristor for at least the turn-off time of the main thyristor, The

capacitor gets charged from the dc source through the load and changes its polarity.

The commutation interval can last until the capacitor gets charged to a voltage
equal to the source voltage or can terminate when the main thyristor is refired.
In the former case, the capacitor voltage can have a tendency to get charged to a
voltage greater than the source voltage in inductive and emf types of loads. Such
a tendency initiates conduction of the freewheeling diode Dg, which marks the
beginning of the freewheeling interval., In the latter case, where the commutation
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interval is terminated by refiring of the main thyristor even before the capacitor
voltage has attained the supply voltage value, there results a reduced voltage avail-
able for commutation of the main thyristor in the next cycles of operation. It can
therefore be noted that commutation failure is bound to occur as the duty interval
approaches the period of the chopper. Commutation failure resuits in permanent
conduction of the main thyristor, and the control over duty interval can be regained
only after opening of the load circuit followed by a precharging interval.

FREEWHEELING INTERVAL. During this interval, the load current is trans-
ferred through the freewheeling diode and the dc motor armature circuit, In the
case of emf loads, this interval terminates as soon as the load current falls helow
a value leading to blocking of the freewheeling diode or as soon as the main thy-
ristor is turned on. The former case occurs when the motor is lightly loaded, as
the duty cycle is low. This results in a discontinuous armature current; otherwise,
the armature current is continuous.

STEADY-STATE ANALYSIS OF THE CHOPPER-FED DC MOTOR WITH
SEPARATE EXCITATION, For purposes of analysis, the following assumptions
are made:

. The armature circuit resistance R, is constant.

. The inductance Ly of the armature circuit is constant.

. The speed N of the motor is constant,

The forward voltage drops of semiconductor elements and the source
impedance are neglected.

5. The field of the motor is separately excited and the flux is constant.

- =

Let the armature current at the end of the duty interval be Iq and let its
value at the end of the commutation and freewheeling intervals be I¢ and If,
respectively. Let N be equal to the speed of the motor. Since the field is excited
from a constant separate dc source, the induced emf is proportional to the speed
of the motor. Our objective is to find the average value of the armature current
for given values of speed N and known values for the various intervals.

The differential equations governing the commutation, duty, and freewheel-
ing intervals of the chopper-fed motor group can now be formulated.

COMMUTATION INTERVAL 0 < t < koT. Let the instantaneous armature current
during the commutation interval be designated as i.. The equations governing this
interval are

i

di
= £ 8.1)
Vd Rllc * La dt * KmN * vc (
o:lvc 8.2)
Cem e ’

where
Kp, = back emf constant for the dc motor

v, = instantaneous voltage across the commutating capacitor
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d:;n:ldltgl conditions for the capacitor voltage and the armature currents are X .
Q=R
vc|t~=0 = —ch .3 LS ]
lel=0= 1g (8.4) i

:.:tg:l:: ﬂ;:ngl values of v, and i, at the end of the commutation interval be defined Equations (8. 7) and (8, 8) can be simplified as folliows:
n

. -wt

- cwt 8.11
v oy lc-(lclslnwt+!dcoswt)exp(ZQ) ( )
c t'—'ch cf (8.5) —t
) o vc= Vd- KmN+(XId slnwt-vcl cos wt) exp (E) (8.12)
etk T ‘¢ (8. 8)

Equations (8,11) and (8. 12) describe the performance of the converter and the dc

Solutions for i motor during the commutation interval. We derive next the equations governing
c and v, can be written the performance of the system during the freewheeling interval,

L =1 exp (-8 sin wt “o FREEWHEELING INTERVAL k,T <t < (k;, + kgT. The condition for the existence

c el ) sin wt - Iy w &P (-8 sin wt - ¢) 8.7 of this interval is derived from the final value of the capacitor voltage at the end of

the commutation interval, This is given by

w
=V <K N-v . 0 !
Ve Vd KmN Vc1 @ 2P (-8 sin wt +9) + I.‘.L exp (-At) sinwt vcfs vd (8.13)
c (8.8)
Where That is, this interval exists only if the commutating capacitor tends to get charged
Icl. = (Vd -K N+V d)/WL to a value greater than that of the dc source voltage. The load current circulates
m only through the armature and the freewheeling diode; the equation governing the
vcl = Vd - KmN + vd operation of the system is
2 di
w =1/L C P § - a.14
° re Ralt+l‘a dt +Km‘v 0 ( )
_— (8.9)
b= R/2L‘ The initial and final condittons for the freewheeling load current if are defined by
2 2 2 =
w =uo-a l[|!:=k'[’ [c
¢ (8.15)
-1 -
¢ =tan “(w/B) ‘f|t=(kc+kf)'r I
exp = exponential operation
The solution for the freewheeling current ig is given by
if the losses in the circuit are relatively small, then wq > B and the simpli- N
fications given below are valid: -K_N R R,
m a
i,= 1- exp[-— (-t+k T)] +1 exp [L_ (-t + ch) (8.18)
wo >~ w f R. ) L‘ c ‘ [ 2
L The freewheeling interval is terminated when the load current becomes zero or
X=[-2 2wl = L when the main thyristor is turned on.
Cc a mCc
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DUTY INTERVAL (ko + kgT < t <
in desoribe by (ko 0 t £ T. The load current ig during the duty interval
di 4
i —— =
Rad+La dt +KmN_vd 8.17

The initfal and final conditions of current are given by

il _ =1
d t-(kc+kf)'r t (8.18)

i) =1
d't=T d (8.19)

The following equation implies that the steady-state solution (s reached:

i =

d't=T ‘¢'t=0 (8.20)
Using the relation given by Eq. (8.20), the

) . (8. solution fi

ing the duty interval can be obtained: ; on for the load current dur-

v, - A
d Km\‘

t = [L-exp(T)]+ 1 exp(T
4 R 1+ ex (T (8.21)

where

R
a
T, = -L': [-t+(kc+k[)T]

Let us analyze the operation of the chopper-motor group assuming that the
load current is continuous. Further, for low values of the duty cycle ) the mag-
nitude of the initial capacitor voltage is equal to the de source voltage "I‘he inltlzl
current I is to be calculated by an iterative procedure satisfying the ;Hfferentul
equations for the three intervals with the various boundary conditions. Four dif-
ferent methods are discussed in the literature (6] for the calculation of Iy, I,, and
If without resorting to an iterative procedure. The average value of the a’mfa.ture
current can then be computed as a function of speed. These methods are based on
the following assumptions:

Method 1: negligible commutation interval

Method 2: negligible ripple in the armature current

Method 3: constant current during commutation

Method 4: relatively small losses in the commutating circuit

The assumption of a negligible commutation interval enables the study of the sys-
tem as a decoupled system,
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METHOD 1: STUDY OF THE DECOUPLED SYSTEM. The assumption of a neg-
ligible commutation interval leads to a decoupled system. The following equations.
hold good under this condition:

Kk =0 I =l (8.22)

Using Eqs. (8.186) and (8.21), we can derive

-KmN -t -t
= "R [1 - exp(;—)] +1 exp ('_r") (8.23)
a e [
. Vd-KmN -t+krT -t+ka
= ——R—[(l-exp —;—]H[em(—r—-) (8.24)
a e e
- N
. Yﬂ exp (de/Te) 1 ] Kml .25
f Ra exp (T/Te) -1 Ra
‘- E 1-~exp (-kd’l'/'re) ) KmN .26
d Ra 1-exp ('T/Te) Ra
vk -K N
1 = _d__g_ﬂl_ (8.27)
av R
a
The average value of the torque developed by the motor is given by
60K I
T = —23 (8.28)
em 27

The waveforms predicted for the armature current and the chopper output voltage
are shown in Fig. 8.8.

Analysis of the chopper-fed dc motor based on the other simplified assump-
tions (methods 2, 3, and 4) described above is left as a series of exercises to the
reader. The torque-speed characteristics of the chopper-fed dc motor obtained by
the four methods are shown in Fig. 8.9. In Fig. 8.9, different values of the duty
cycle ky have been assumed for the computation, The experimental measurement

« of the test points are also indicated on Fig. 8.9.

For experimental verification of the four methods of analysis, tests were
conducted on a 1, 5-kW 220-V dc motor with separate excitation. The field current
of the motor was maintained constant at its rated value of 3.7 A. A 200-mH choke
coil was included in the armature circuit for smoothing the armature current
waveform. Three sets of experiments were conducted for values of kg = 0. 11,
0.32, and 0,45, with the input voltage of the chopper maintained constant at 200 V.
The relevant details of the chopper-motor group are as follows:
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Vd=200V T=6.6Tms L.=200mH Cc=20ul" 3‘859

'I‘e =40 ms Km =0.1435 V/rpm nominal speed NQ = 1392 rpm

nominal torque ’I‘e = 10 Nem

In each experiment, the load was varied and the average torque and speed were
measured, Figure 8.9 shows these characteristics. Waveforms of the armature
current observed during the test conditions showed that there was a continuous
conduction in the armature current.

From the characteristica it is seen that the assumption of negligible com-
mutation (method 1) leads to a very simple expression for the torque-speed rela-
tionship, but the prediction is very much in error; this method underestimates the
torque-developing capability of the de motor. Further, this assumption is not
Justified, because the commutation interval varies over a wide range depending on
the loading conditions of the motor. The commutation interval is, in general,
comparable to the duty interval even under the heavily loaded conditions of the
motor, Except for loads where the speed factor, N/Ne, approaches unity, the
test points lie more-or-less midway between the curves that have been predicted
using method 3 and method 2. In general, method 4 predicts the characteristics
that are in reasonable agreement with experimental values. However, a relatively
large deviation is noted in the values corresponding to heavily loaded conditions of
the motor. Better agreement between experimental and computed resuits from
method 4 could be expected if the increased value of the apparent resistance of the
armature due to the high-frequency puisating current is used in place of the de
value in the equations. A method of measuring the apparent resistance of the

Yo 4
Yy
kd Vﬁ| adaa ccnhecscaencdaa
t
by gk Tsle— 1 — )
134}
1 ..M/_\
a
t

FIGURE 8.8 Chopper output voltage and armature current waveforms—Method 1.
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FIGURE 8.9 Speed-torque characteristics of chopper-fed de motor.

armature circuit is suggested in the literature {5]. The speod-torqueicth;raec-
teristics of the dc drive system, taking into account the apparent resis :1 cl,
are shown in Fig, 8.10, For this computation, method 4, wherein relatively
small losses in the commutating circuit are assumed, was used.
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FIGURE 8,10 Speed-torque characteristics of chopper-fed dc motor— Method 4.

8.2.2 Analysis of Inverter-Fed Induction Machine

With the advent of power semiconductor devices, the squirrel-cage induction mo-
tor ig being used for a variety of industrial applications when varfable-speed
operation is required. In many of these applications the dynamic behavior of the
induction machine has an important effect on the overall performance of the system
of which it is a part, Analysis of the dynamic hehavior of the ac drive system is
quite complex compared to that of a de drive; the complexity of analysis arises
because the equations describing the dynamics of an induction machine are nonlinear.
Further, the topology of the power inverter is relatively complex, owing to the
presence of a large numher of power semiconductor switching elements. It is
therefore necessary to make certain simplifying assumptions in order to simulate
the inverter and the induction machine using a computer. In addition, to use the
computer effectively, it is important to represent the induction machine in a form
that holds good for both transient and steady-state conditions. Further, to simplify
the analysis of the inverter, a decoupled system is assumed; this enables the
inverter output voltage waveforms to be determined independent of the operating
conditions of the motor,

The most common representation of the induction machine for the purposes
of simulation makes use of the d-q transformation equations. The derivation of
the d-q transformation equations for an induction machine is described in Chap-
ter 2. In this section we analyze an ac drive systerh consisting of an induction
motor fed from an inverter operated in different modes. The inverter is modeled
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such that the induction motor sees the waveforms as they would be when im-
plemented in a practical system [8].

NS OF INDUCTION MACHINE. For the purpose of analysis,
f Ya;'::fl:rii?ﬂﬁgguon machine in a two-axis model is considered. Although any
arbitrary reference frame could be used for simulation of an induction machlnet,h
let us choose a stationary reference frame for its representation. Recall that the
transformation between the d-q variables and the real stator variables is time
invariant. The ac drive system is assumed to be a decoupled system; that is, the
induction machine is fed from an inverter whose output voltages are lndependenth of
the operating mndes of the Inductllon machine. Note that the output voitages of the

ly nonsinusoidal.

lnveﬂe,r;: ll-:a‘:;:::yequations in the stationary reference frame in terms of flux

linkages in per unit values are given by

dasd

dt

d‘rd

at (-rr‘rd - wrorq)wN (8.29)

= (Vsd - rslsd)wN

de
a (-rrqu * urord)uN

dos

= . -ri
dt (vsq Ts sq

Note that the transformed stator and rotor flux linkages are given by
= i
‘sd Lsisd * Lm rd

rd rrd m sd (8.30)

where
L_ and L, = stator and rotor self-inductances
s r

L_ = mutual inductance between stator and rotor windings
m

w_. = nominal synchronous speed of the rotating magnetic field
N

The mechanical equation for the drive is given by

dop To-Ty (8.31)

dt TM
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T = electromagnetic torque developed; this is given by

L

TL = load torque

w,. = rotor speed

m
T =12 -
e oL er (¢sq°rd °sd¢rq)

(8. 32)

7= (LyL - LZ)/L L,

Note that the flux Jinka
than the currents; therefore,
stability,

The expressions for th
(8.30); these are given by

\ -L(o
sq Ls sq

The actual line curren

ges in coupled circuits tend to change more slowly
the use of flux linkages provides more computational

e transformed currents can be derived using Eq.

(8.33)

t8, la, Iy, and i, of the motor are related to the trans-

formed stator currents as given in

a sd
-1 vit
lbaﬂ,,__al
2 2
1 =;l.§.1_iai9.
[ 2 2

(8.34)

For the analysis of the Induction machine, ail the equations derived in this section

are used,

SIMULATION OF THREE-PHASE INVERTER OUTPUT VOLTAGE WAVEFORMS.
The inverter configuration a

nd the motor connections are shown in Fig, 8,11, The
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FIGURE 8.11 Three phase inverter and induction machine drive system.
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three~phase bridge inverter is operated in such a way that at any instant of time,
the poles have defined voltages; that is, at any instant, one of the devices will be

conducting in each leg. The motor phase voltages can, therefore, easnily be derived;
these equations are

2v. -y -y
= 81 _ bn  ‘en
a0 3
2v, -v -y

3 (8.35)

For a balanced three-phase supply, the transformed voltages vgq and Vaq can be
computed using

=V

vsd a0
- (8.36)
- vbn vcn
9 V3

Note that Eqs. (8. 35) and (8. 36) are derived assuming negligible voltage drop in
the devices and neglecting the effect of snubber circuits. We now consider three

output voltage waveforms:

1. 180° square-wave inverter control
2, Sinusoidal pulse-width-modulated (PWM) inverter control
3. Symmetrical sinusoidal PWM (SSPWM) inverter control

EQUATIONS FOR 180° SQUARE-WAVE INVERTER CONTROL STRATEGY. The
output voltage waveforms that are applied to the three-phase induction motor are

shown in Fig. 8,12, Referring to Fig. 8. 12, we see the following characteristics
of inverter operation for this method of control;

1. Semiconductor devices switch sequentially every 60°,
2. Atany instant, three semiconductor devices are conducting,
3. Each semiconductor device conducts for a duration of 180°,

The frequency of the inverter is varied by varying the frequency of switching of
the devices; the output voltage of the inverter can be varied by varying the input
voltage to the inverter,

Referring to Fig, 8. 11, we note that the pole voltage v,y Is positive when
either the thyristor T1 or the diode D1 is conducting, When T1 conducts, the cur-

rent iy Is positive and when D1 condicts, iy is negative. This can be stated in the
form
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FIGURE 8.12 Output voltage waveforms for 180° mode of operation,
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’ Vg 1 TlorDlisON (e, TDI ts . TRUE.)
=4 (8.37
an ) 0  IfT1and DI are OFF (i.e., TDI is . FALSE.)

In a similar way, this logic holds good for the other two phases, The dc supply
current due to phase a is iy when TD1 s . TRUE, and is zero when TD1 is . FALSE. .
Thus the dc source current can be computed using the logical statement

Idcala.TD1+%'TD3+ic'TD5 , (8.38)

For implementing the 180° square-wave inverter on the digital computer, the fol-
lowing six states are switched after every 60° at the required frequency of operation
of the inverter: N

STATE 1: TD1 =, TRUE.; TD3 =, FAISE.; TD5=,TRUE.
STATE 2: TD1 =, TRUE.; TD3=. FALSE.; TD5=.FALSE.
STATE 3: TD1 =, TRUE.; TD3=, TRUE,; TD5 = . FALSE.
STATE 4: TD1 =, FALSE.; TD3 =, TRUE.; TD5 = ,FALSE.
STATE 5: TD1 =, FAISE.; TD3 =, TRUE.; TDS5 = , TRUE.
STATE 6: TD1 = .FALSE.; TD3 =, FALSE.; TDS=.TRUE.

EQUATIONS FOR SINUSOIDAL PWM INVERTER CONTROL. The power circuit
configuration for this inverter is the same as that shown in Fig. 8.11, in which
either thyristors or transistors can be used. The PWM control strategy is realized
by using a high-frequency triangular waveform as the carrier wave and three-phase
simsoidal waveforms as the modulating waves; the intersection points of the tri-
angular waveform with the sinusoidal waveforms define the turn-on and turn-off
instants for the six transistors. The Inverter output voitage waveforms, vy, v,
and von, are shown in Fig, 8.13. For example, if TD1 is ON when the phase a
sine-wave amplitude is greater than the triangular wave (i.e., Van = Vg); TD1 is
OFF when the amplitude of the phase a sine wave is less than the triangular wave
(i.e., van = 0). This logic also holds true for the other two phases.

Let the equations for the three-phase sinusoidal waves be

v_ =M sinwt
a
27
vb=Msln (wt- T) (8. 39)
v =M sin (ut- ﬂ)
c 3

where M represents the modulation index:

_ mplitude of sine waye
B amplitude of carrier (triangular) wave
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FIGURE 8.13 Output voltage waveforms for sinusoidal PWM inverter,

-

Further, let the equations for the triangular carrier wave be

wt x
=-L0+2N T foro<wt< g

wt r 2r
x2=3.0-2N‘1;" for N <wt < R

(8. 40)
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For numerical computation of the intersection points, the proper slopes of the tri-
angular waveform are chosen after every interval of 1/N. The inverter output
voltages are therefore defined as follows:

>
It‘va X, orxz. tl\envansvd

1

> =
It‘vb xlorxz, thenvbn vd

2 =
If v, X orx,, then Ven v d

Otherwise, Ven ™ 0; Yoo ™ 03 Yen = 0

(8.41)

The expression for the dc source current is similar to Eq. (8.38).

EQUATIONS FOR SSPWM CONTROL STRATEGY. The limitation of the three-
phase bridge inverter shown in Fig, 8.11 is that any type of modulation technique
cannot be implemented using it, because of the pole switching constraint [8]. Any
desired waveform could be applied to the induction machine by feeding each phase
of the machine separately by a single-phase bridge inverter. This power circuit
configuration is shown in Fig. 8.14. The apparent limitations of the power cireuit
are:

1. The requirement of a large number of semiconductor devices, resulting
in higher cost than for a conventional three-phase bridge configuration
2. The presence of zero-sequence currents in the stator windings

The advantages of the configuration are:

1. Possible implementation of any type of modulation technique without a
pole switching constraint
2. Availability of higher output voltage than with a conventional three-phase

bridge configuration for the same dc link voltage
3. Possible operation of the devices in order to reduce the switching losses

The induction machine fed from separate inverters as shown in Fig. 8.14
can be modeled by considering it to be similar to a star connection with neutral
connected, Equations (8.29) to (8.33) are valid in this case. In addition, an
expression for zero-sequence current is required:

FIGURE 8.14 Three phase induction machine fed by three independent single phase inverters.

) L, dso 8.42
A —_— - (8.42)
' 80 dt "'so x's‘so)m.‘l

Referring to Fig. 8.14, we can derive the relations between the real and the trans-
formed voltages, vgd, Vsqs and vso and V122, Vhlb2s a0d Voic2:

2[%, 102 = Pbapz * Yerc2’?!
3

vsd =
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v - b1b2~ Ye1c2

8q \/;

Ya1a2 * “b1b2 * Veleo
3

v =

80 (8.43)

The relations between the transformed and the real line currents are given by

la"sd"iso
Lq \/3-13

L=-3 ¢ —‘12 *1o (8.44)
i V3 i

{f = 34 - —1S54

c 2 2 s0

In the SSPWM control strategy, each pulse width is proportional to the sine
of the center point and the width index; further, the pulses are placed symmetrically
with respect to the center point, as shown in Fig. 8,15. In simulating these wave-
forms on a digital computer, the starting and ending instants of each pulse in a haif
cycle are calculated [8]. Let Pj be the width of the jth pulse, for j = 1 to N:

T
P =WNsinC

| j (8. 45)

where
Cy={s/N}(2) - 1)/2: center point of the jth pulse
N = number of pulses per half cycle
8y=Cj- Py/2: starting point of the jth pulse
Ej=Cj + Py/2: end point of the jth pulse
In one half-cycle, for phase a, the following relations hold good:
Sy to Ej: va1ap = Vg; Tal is . TRUE. and Ta3 is . TRUE, K
Ejto Sjsq for (1 +1) < N: va340 = 0; Tal is . TRUE. and Ta2 is . TRUE.
0 to §; and Eytom: Vala2 = 0; Tal is . TRUE. and Ta2 is . TRUE.

In another half-cycle,
Sjto Ej: vala2 = -Vg; Tad is . TRUE. and Ta2 is . TRUE,
E’ to de for (j +1) < N: Vala2 = 0; Ta4 is . TRUE, and Ta3 is . TRUE.
0 to 5, and Eytom: Va1a2 = 0; Ta4 is . TRUE. and Ta3 is . TRUE.

This logic can be extended similarly for phases b and c. The de supply current is
given by

ldc = 'ad * lbd * lct:l (8.46)
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FIGURE 8.15 SSPWM waveforms for a single phase bridge inverter (N = 6, W = 1),

where,

iy if Tal is . TRUE, and Ta3 is , TRUE,
iad = -13 if Ta4 is . TRUE, and Ta2 is . TRUE,
0 if both Tal and Ta2 are , TRUE, or Ta4 and Ta3 are . TRUE.
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FIGURE 8.16 Output voltage waveforms for SSPWM inverter (N = 6; W= 1),

Note that similar relations hold between ibd and ip, and between ioq and i,. Recall
that the expression "Tal is . TRUE." signifies that either the transistor Tal or Dal
in phase a is conducting.

Figure 8.16 shows the output voltage waveforms for the SSPWM inverter.

DIGITAL COMPUTER SIMULATION OF INVERTER-FED INDUCTION MACHINE,
It is possible to develop a simulation program which would be able to generate the
required output voltage waveforms; further, it would compute the corresponding
transformed voltages with a view to calculating the performance characteristics of
the induction machines. The generalized flowchart applicable to all three types of
inverter control strategy discussed previously {s shown in Fig. 8.17. The flowchart
indicates the required steps for computation of the free-acceleration characteristics
of the induction motor when fed from different nonsinusoidal voltage sources during
acceleration and steady-state operation. The input data required are the equivalent-
circuit parameters of the induction machine in per unit quantities: frequency, sup-
ply voltage, load torque, and number of pulses per half cycle for PWM inverters.
The transformed voltages vq4 and Vsq are computed after every step length and the
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SET MOTOR PARAMETERS AND INITIAL]
CONDITIONS

[ READ DATA AND SET TIME= 0

— }
CALCULATE Van* Ybn® Yen
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FIGURE 8,17 Flowchart for computation of induction machine performance fed
from three phase inverter.
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FIGURE 8.18 Computed waveforms for induction machine fed from square_wave
inverter—180° conduction.

machine equations are solved numerically. The step length used for a square-wave
inverter is

1.0
- e———
DT = 3ts0)

) 460 .
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0.0 0.10 0.20 0.30 0.40 0.50 0.60 0.70 TIME ms FIGURE 8.19 Computed waveforms for induction machine fed from sinusoidal PWM

inverter,

so that there are 50 points in every one-sixth of a perfod, For PWM and
SSPWM inverters, the step length is 60 us, which is much less than the mini-
mum pulse width,

The typical computed waveforms under different operating conditions are
shown in Figs, 8.18, 8.19, and 8,20; these figures show motor line current,
torque, inverter input current, and speed as functions of time and torque versus
speed. In all cases the ratio of voltage to frequency is kept constant, The
circles in the torque-speed characteristics shown in Fig, 8.19 and in Fig. 8.20
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FIGURE 8.20 Computed waveforms for induction machine fed from SSPWM

inverter. w

are due to the speed oscillations, In these cases the load torque has been
kept constant at a value of 0,65 pu. The base quantities and induction machine
parameters are given in Table 8,1.

The simulation technique presented here can also be used to study
other dynamic characteristics, such as a sudden increase in load, behavior
during abnormal operating conditions such as switching off, single phasing,
and so on.
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TABLE 8.1 Base Quantities and Motor Parameters

Machine: Three phase induction machine: 2.2 kW, 50 Hz, 400 v,
star-connected

Base Quantities:

Phase woltage: VN- 2Vm3-325V

Phase current: IN -Zlms-s.JSA

Synchronous frequency: wy = 314.15 rad/sec

Flux linkage : ¢N = Vy/wy = 1.034 Vdlt sec
Power: Py ™ 15 Vg Ly =31lkw
Mechanical angular Qee:l:nN = w“/P = 314.15 rad/sec
Torgque: "N - PN/"N = 9,869 Nm
Impedance: ZN = VN/IN = 51,1 Ohms

Ly = ON/IN = 0.1625 H

I 0.0684 pu
L 0.02485 pu
: .67
Ls. 2.67 pu
: .67
L o 2.67 pu
: 2,5846
Lm. pua
Ts: 0.124 sec
P .341
Tr. 0 sec
T’ 0.636 s=c

2
o= Ler-Lm )/Ler

8.3 ANALYSIS OF COUPLED SYSTEMS

For our study we consider the most commonly used ac drive systems using three-
phase synchronous and induction machines, In order to provide variable-speed
operation of these machines, a variable-frequency power supply is required. This
power conversion is usually obtained from a constant-frequency supply mains by
the use of a group of converters; for example, a three-phase rectifier supplies a
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variable dc voltage or variable de current output, and & three-phase voltage source
or current source inverter provides a variable-frequency power supply.

Earlier we considered a voltage source inverter-fed ac machine and ana-
lyzed its performance as a decoupled system. In this section we discuss the case
of coupled systems that arise when a current source inverter feeds an ac machine,
For the analysis, we consider two cases:

1. A synchronous machine supplied from a naturally commutated inverter
2. An induction machine supplied from a forced-commutated current source
inverter.

We first establish the equations describing the operating conditions of the
two systems. Then we discuss a generalized procedure for developing a computer-
aided analysis program that would enable us to study the various types of ac drive
systems using synchronous or induction machines,

8.3.1 Synchronous Machine Fed from a Naturally Commutated Inverter

We consider a balanced three-phase synchronous machine with the stator windings
connected in delta; the synchronous machine is fed from a dc current source through
a three-phase naturally commutated inverter (NCD). The firing signals for the thy-
ristors are obtained from a rotor position sensor in such a way that operation of

the converter is in the naturally commutated inverter mode. Figure 8.21 shows

the schematic diagram of the synchronous machine-converter system. ’

EQUATIONS OF THE SYNCHRONOUS MACHINE-CONVERTER GROUP. For the

analysis, the real machine quantities are transformed into d-q quantities. Deriva-
tions of these transformed equations are available in Chapter 2. For the

TR

kAT gk
B35 gy T

THREE PHASE RECTIFIER NATURALLY-COMMUTATED SYNCHRONOUS MACHINE
INVERTER

FIGURE 8.21 Synchronous machine—naturally-commutated inverter system,

. - :
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transformation, a stationary d-q frame is used; further, the d-axis is assumed to

be coincident on the stator phase a-axis. The dynamics of the machine can be
described by

(8.47)

where
rg, rp = stator and rotor resistances
Lg, Ly = stator and rotor self-inductances
Mg = mutual inductance between stator and rotor windings

w,. = rotor speed of an equivalent two-pole machine

p = differential operator d/dt
The torque equation for the system is given by

dw

J =L +fw +PT, =P°M (i
T L

-4 1 (8.48)
dt sr rdlsq rqsd)

where
P = number of pole pairs
Ty, = load torque
J = total inertia of the system
f = frictional coefficient of the load

w. = rotor speed of an equivalent two-pole machine

Note that Eq. (8.47) can be obtained from the general equation (2.50); to
obtain Eq. (8.47), wq is made zero in Eq. (2.50), since the d-q axes are stationary.
The synchronous machine fed by the NCI is a coupled system since we take into
account the commutation interval of the thyristors. Further, let us take into con-
sideration the dc link inductance Lg and the resistance rq. In the naturally com-
mutated mode of operation, we can associate 12 sequences of operation in a period,
as shown in Fig. 8.3. This would therefore require 12 sets of equations if no fur-
ther assumptions are made. However, we can note that the three-phase bridge
converter exhibits cyclic operation, in which there are only two sequences of opera-
tion for a given set of thyristors. For example, In the first sequence of operation,
called the "sequence between commutations," thyristors 1 and 6 conduct initially.
When thyristor 2 i{s turned on, the second sequence of operation begins; this is
characterized by simuitaneous conduction of thyristors 6, 1, and 2, This sequence
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L

~ SEQUENCE BETWEEN COMMUTATIONS

FIGURE 8.22 Operating sequences for NCI-fed synchronous machine,

is called the "sequence during commutation.” Figure 8,22 shows the oper-
ating conditions of the circuit during the two operating sequences. The same
two operating sequences occur in a cyclic manner for the other sets of thy-
ristors, with a phase difference of 60°, If we take into account this cyclic
operation, it is sufficient to write only two sets of equations describing the
dynamics of the coupled system which is applicable for one-aixth of a period.

The dynamic equations for the system during the commutation interval
can be calculated:

e o A et ot § o < i [
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_ - e v 0
}_‘E Ll‘ 0 Sr
pl v Ve U Vzul| B
L, Moy
plsd 0 s s 0 E2
x (8.49)
- L
i ) D 0 E3
Plrd 5 s
M M Ll
pi 5 0 =73 E4
T Veu 2Va3y JL
where

2
U= LlLr - Msr/z

S=LL -M
8T sr

L1= Ld+Ls/2
El= vd -yt rs/2)l- rslsd/vs

E2=-r i
8s

d
= - - i
E3=V  +M wi/V2-ri -Lu ra
= -rd
E4 vrq * Msrurisd * I'r"'rlrd Tr rq

The dynamic equations for the interval between commutations can be cal-
culated; these equations are the same as those given by Eq. (8.49) with the follow-
ing differences. The differential equation for igq in Eq. (8.49) is replaced by

Yoo 14t .50
de 8 dt
Further, the value of E2 is given by
£z - E& (8.51)

E22

where

=ve 3L M _SE4
E21=v6LLSEl+6LM_UE3+ ey M

2
E22 = 6US + SL’Lr + GUM"_

[N
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Derivation of Eqs. (8.49) to (8.51) is left to the reader as exercises. The torque
equation for both the operating sequences is

i1
Jpw = -fw - PT_ - P2M _E!. +i 1 (8. 52)
r r L sT\ 2 sdrq

8.3.2 Induction Machine Fed from a Forced-Commutated Current
Source Inverter

We consider a balanced three-phase induction machine with the stator windings
connected in delta; the induction machine is fed from a dc current source through a
forced-commutated inverter (FCI). A current source inverter (CSI) configuration
is used for the FCI. This configuration uses six main thyristors and six auxiliary
thyristors; further, there are three capacitors which are properly charged and
discharged during turn-on of the auxiliary and main thyristors; thus they provide
the necessary reverse voltage across the main thyristors for their turn—off, Fig-
ure 8.23 shows the schematic diagram of the induction machine-converter group.

EQUATIONS OF THE INDUCTION MACHINE-CONVERTER GROUP. For the
analysis, once again we use the d-q transformation equations and transform the
machine equations into d-q quantities. Let us assume, initially, that the two main
thyristors, TM1 and TM6, are conducting. Then thyristors TA6 and TM2 are
turned on simultanecusly., This will result in instantaneous commutation of main
thyristor TM6. Main thyristor TM2 is not turned on, however, because it is still
reverse biased. The first sequence of operation of the inverter is characterized

rd;Ld

i
—
i
TA TA:& TA.‘S Z ™1 TM3iTMS
C
"
:_u.. :;C / %
vd -5 L K

TA#Z TA6$ / TAzS'Z ™8 S'ZTMGSF sz /

FORCED-COMMUTATED INVERTER INDUCTION MACHINE

FIGURE 8.23 Current source inverter-fed three phase induction machine.
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by charging of the commutating capacitor at constant current as shown in Fig. 8.24.
The equations for this sequence are

i
isq T T2
i =-1 (8.53)
sd

vsd vsg
Va= g L+ V- = - 3

The second sequence of operation begins when main thyristor TM2 starts
conducting. Figure 8.24 shows this operating condition. The corresponding equa-
tions are

I
sq 2
3 -
Ved= 3 Vf (8.34)
“sd _'sq
Vg= gL+ V- 5 - 3

The third sequence is characterized by the conduction of only two main thy-
ristors, TM1 and TM2. Figure 8, 24 shows this operating condition. The equations
describing this sequence are

lsq=-E
. (8. 55)
sd 6
Ysd _ lsq
Va= (gt 1P 5 - 3

It is possible to establish a set of equations that would describe all the three
sequences of operation:

pi L L 0 Lo [£1 ]
U uve vz u
Ll' -Msr
-t E2
Plg 0 s s 0
- N L (8. 36)
i 0 i s, E3
Prd S s
Mgr M., h
E4
Plq vVzu 2v3u ° u Sl
- - - —
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Equation (8. 56) is applicable to all three sequences, with the following par-
ticular conditions:

First sequence:

€=1

| o= =t di this replaces the corresponding differential equation in
Plsd™ /F &t Eq. (8.56)

r ld
El=U-\r +—!)|+¢r =<

d 2 ] ‘/E'
FIRST SEQUENCE U=V, -V
d~ V¢
raity g2 . E23
E24

E23=6UL M E3- ¢V6SL L EL-¢v/3 L M_SE4
8 8r sr 8 Sr

E24 = 6US +SL_ L_+ GUM2
8 r sr

The expressions for E3 and E4 are the same as those defined for the NCI-fed syn-
chronous machine.

Second sequence:

€ =1
U=V, -V
. d™ 't
raitq

Ve,

— Ved™ T2 f
e Yy ory
W= 2 't Tg'ad

All other expressions are identical to those described for the first sequence.

Third sequence:

€=-1
THIRD SEQUENCE

u:vd

FIGURE 8.24 Operating sequences for CSI-fed induction machine,
All other expressions are identical to those described for the first sequence. Fur-
ther, for all the sequences, the torque equation is given by Eq. (8.48). We can
note that the three sequences have been defined only for one-sixth of the period.
Once again, cyclic operation of the various thyristors in the power circuit cah be
taken into consideration and the analysis need be carried out only for one-sixth of
the period.
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8.3.3 Computer-Aided Analysis of AC Machine-Converter Group m

It is possible to establish a simulation program for the analysis of a power elec-
tronic system comprising an ac machine-converter group. Such a general-purpose
program has been developed and it is called SECMA [9] The flowchart for the l l
SECMA simulation program is shown in Fig. 8.25. L I l
- CSI-FED MACHINE
The SECMA program permits analysis of various ac drive schemes us ing TEFFED wAcHmE
either current source inverter (CSI)-fed or voltage source inverter (VSI)-fed ac l l

Fzrmmou OF TYPE OF convsn’rn]

machines. Table 8,2 lists the subsystems pertaining to the study of VSI-fed ac
machines. Table 8,3 shows the subsystems relating to the study of CSI-fed READ DRIVE PARAMETERS READ DRIVE PARAMETERS
ac machines, READ INITIAL CONDITIONS READ INITIAL CONDITIONS

The interesting feature of the SECMA program is that it is possible to SIS
study various types of control strategies for the converter-machine group, One . CHOICE OF ANALYSE noo® CHOWCE OF M¥ALYSS home
exu?p]le is the use of a speed-regulation loop which does not require a speed sen- J N l
sor |9}, .

An ac drive scheme using a CSI-fed induction machine is shown in Fig. oE N OF OPERATING CHOICE OF SOURCE VOLTAGES
8.26. The input current to the CSI is obtained from a three-phase bridge rectifier ~e{ SEQUENCE CHOICE OF CONTROL STRATEGY
operated in the current-regulated mode. A proportional-integral (PI) controller 1 I
has been used for the current control loop. The speed reference values for the - -
input current l; and the speed of the induction motor w; are computed from NUMERICAL SOLUTION OF NUMERICAL SOLUTION OF

SYSTEM EQUATIONS SYSTEM EQUATIONS
CHOICE OF CONTROLLER CHOICE OF CONTROLLER
(8.57) STRATEGY STRATEGY

where Iy, represents the stator current corresponding to the nominal value of flux; [s‘rona RESULTS FOR "‘°m°] ISTO" RESULTS FOR PLOTTING J
all other quantities have been defined earlier for the ac machine. The current-
source inverter uses only one commutating capacitor but requires six auxiliary FES
thyristors and six main thyristors. The parameters of the machine are shown in —@1‘ POR SEQUENCE cnua@
Table 8.4, Figure 8,27 shows the starting transient for the induction motor line ‘no
current, voltage, speed, commutating capacitor voltage, rectifier output current, w0 )'Es___
and motor torque as functions of time. These waveforms have been obtained using '—G“T FOR 1/6TH OF PERIOD 7> <Tm FOR 1/6TH OF PERIOD ?
the SECMA simulation program, [ves {w

An examination of the motor line current and voltage in Fig. 8.27 shows a N YES YES s com pw@_m______‘
progressive increase in the stator frequency. The rectifier output current is nearly —< ANALYSIS COMPLETE ? ANAL

constant during starting. This is ensured by the PI current controller incorporated
jn the control circuit of the three-phase converter. Figure 8,28 shows the wave-
forms for a step increage in the stator current reference.
We consider a VSI-fed induction machine in Fig. 8,29, A variable voitage
at the input of the VSI is obtained from a dc chopper. Further, the scheme shown FIGURE 8.25 Flowchart for the SECMA simulation program
in Fig. 8.29 uses an input LC filter at the output of the dec chopper. The speed
regulation of the induction machine is done without a speed sensor. The details of
a state variable type of controlier are shown in Fig. 8.29. Table 8.5 shows the
parameters of the ac drive scheme,
Figure 8, 30 shows the starting transients of the VSI-fed induction motor.
The different waveforms that are plotted are the motor line current, line voltage,
inverter input voitage, chopper output current, and motor speed, Note that a

.
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TABLE 8.2 SECMA Simulation Subsystems for VSI-fed AC Machines

P -~ e e e 4 i s s L e o Smon

TABLE 8.3 SECMA Simulation Subsystems for CSI-fed AC Machines

Types of valtage sources: 1.
2.

3.
Operating inverter modes:1.
2.
3.
4
Contral strategies: L

Analysis modes: 1.

d.c. voltage source
d.c.vdmgeummm

with Plaxrentregmamzfozdm
d.c. valtage supplied by a rectifier

180° conduction

PWM with constant duty cycle

PWM with variahle duty cycle

two-level with hysteresis current contral

’df‘!!mﬂahedq:eedoonnnlwiﬂxq:egd

sensor
Speed regulation without speed sensor
starting transient

step change in load torque

Step change in speed reference
speed reversal transient

staady state computation

‘Types of current sources: 1.

2.

Control strategies: 1.
2
Analysis modes: 1.
2,
3.
A
5.
6.
'3
8.

current-regulated three phase rectifier
with PI regulator
current-regulated three phase rectifier
with sampled-data regulator

speed reqgulation loop with speed sensor
speed requlation without speed sensor
starting transient

step variation of current reference
step variation of load torque

step variation of speed reference

step variation of fux

speed reversal transient

steady state computation
motoring-coasting and braking transients

TABLE 8.4 CSl-fed Induction Machine System Parameters

Type of machine:
Nominal power:

Number of Pales:
Nominal voltage:

Nominal line current
Stator registance, Iy
ﬁobor resistance, r:
Stator self inductance,L o
Rotor self lndlmnce,Lr:
Mutual inductance, M o
Moment of inertia, J:
Frictional coefficient, f:
D.C. link resistance, Iyt
D.c. link inductance, L gt

Slip-ring inducticn machine
4.7 kW

4

220 v/ 121 v

20 A/35 A
0.0713 Ohm
0.159 Ohm
0.0378 8

0.0220 H

0.0278 H

0.08 kg m2

0.04 Nm/rad/sec
1 Ohm

0.030 4

Commutating capacitance, C o 30 uF
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FIGURE 8.26 CSI-fed induction machine ac drive system,
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:IGUm-: . ms ‘ TABLE 8.3 VSI-fed Induction Machine System Parameters
8.28 Step change in Ig for CSI-fed induction motor, Type of machine: squirrel-cage induction machine
Nominal power rating: 11 kW
Nominal frequency: 50 Hz
Nominal stator winding valtage: 220 v
Stator resistance, r: 0.5 Ohm
Rotor resistance, s 0.5 Ohm

Stator self inductance, Ls: 0.069 H
Rotor self inductance, Lr: 0.069 H

Mutual inductance, M o 0.067 H
Moment of inertia, J: 0.08 kg m>
Frictional coefficient, f: 0.1 Nm/rad/sec

D.C. link filter resistance, r, & 0.5 Ohm
D.C. link filter inductance, d: 0.040 H
D.C. link filter capacitor, Cg: 2000 uF




IGURE 8.30 Starting transients for I-fed induction motor
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constant current is maintained at the chopper output during the starting period.
This is ensured by the PI regulator in the dc input stage. Figure 8.31 shows the
waveforms when there is a step change in the reference speed,

8.4 SUMMARY

Analysis of power electronic converter-electrical machine group has been dis-
cussed. The analysis is based on equations established for known set of operating
sequences, -

In Sectfon 8,1 we discussed two types of systems, decoupled and coupled,

In the case of decoupled systems, it is possible to predict the output voltage wave-
forms independent of the operating conditions of the electrical machine. Usually,
decoupled systems arise when the commutation intervals in the operation of the
converter are neglected.

Analysis of two examples of decoupled systems was discussed in Section
8.2. The first example covered the chopper-fed dc motor. The analysis of this
system was based on the assumption of negligible commutation interval, In the
second example we discussed an induction motor fed from a voltage-source inverter,

. This analysis was based on the d-q transformation equations for the induction ma-
chine. Three different control strategies—180° conduction, PWM, and SSPWM—
were considered for the inverter control,

In Section 8.3 we considered the case of coupled systems. The first exam-
ple discussed the case of an ac drive using a synchronous machine and a naturally
commutated inverter. In the second example an ac drive using an induction machine
and a forced-commutated current-source inverter was discussed. Finally, in
Section 8.3.3 we discussed a generalized method of analysis of coupled or decoupled
ac drive systems with their associated control strategies,
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